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ABSTRACT: Methylthio-D-ribose-1-phosphate (MTR1P) isomerase (MtnA) functions in the methionine salvage pathway by converting the 
cyclic aldose MTR1P to its open-chain ketose isomer methylthio-D-ribulose 1-phosphate (MTRu1P). What is particularly challenging for this 
enzyme is that the substrate’s phosphate ester prevents facile equilibration to an aldehyde, which in other aldose–ketose isomerases is known 
to activate the a-hydrogen for proton or hydride transfer between adjacent carbons. We speculated that MtnA could use covalent catalysis via 
a phosphorylated residue to permit isomerization by one of the canonical mechanisms, followed by phosphoryl transfer back to form the prod-
uct. In apparent support of this mechanism, [32P]MTR1P was found by SDS-PAGE and gel-filtration chromatography to radiolabel the enzyme. 
Susceptibility of this adduct to strongly acidic and basic pH and nucleophilic agents is consistent with an acyl phosphate. C160S and D240N, 
mutants of two conserved active-site residues, however, exhibited no difference in radiolabeling despite a reduction in activity of ~107, leading 
to the conclusion that phosphorylation is unrelated to catalysis. Unexpectedly, prolonged incubations with C160S revealed up to 30% accumu-
lation of radioactivity, which was identified by 31P and 13C NMR to be the result of a second adduct—a hemiketal formed between Ser160 and 
the carbonyl of MTRu1P. These results are interpreted as indirect support for a mechanism involving transfer of the proton from C-2 to C-1 by 
Cys160.

Introduction 
Reduced forms of sulfur, such as the thiol and sulfide groups of 

the amino acids cysteine and methionine, are valuable biological 
commodities because their production from natural inorganic 
sources is energetically demanding.1-4 One of the most useful deriv-
atives of methionine, S-adenosylmethionine, serves in several capac-
ities, including alkylation of a wide array of biomolecules via the 
transfer of its methyl, adenosyl, or — following decarboxylation — 
aminopropyl group. This last function serves in the synthesis of the 
polyamines spermine and spermidine, resulting in the formation of 
5¢-methylthioadenosine (MTA) as a byproduct. In order to reclaim 
the sulfide group in MTA, it is recycled back to methionine and SAM 
by the action of the methionine salvage pathway (Scheme 1). Alt-
hough the presence of this pathway in organisms as diverse as bacte-
ria, yeast, mammals, and plants was verified long ago, the study of 
the responsible enzymes and their catalytic mechanisms is still not 
complete. Of particular interest is the mechanism involved in the al-
dose–ketose isomerization of 5-methylthio-D-ribose 1-phosphate 
(MTR1P) to 5-methylthio-D-ribulose 1-phosphate (MTRu1P) cat-
alyzed by MTR1P isomerase (MtnA).5 

In general, aldose–ketose isomerases utilize one of two canonical 
mechanisms that require the existence of a carbonyl group in the 
substrate or a form with which it is in equilibrium:6, 7 (1) proton 
transfer and (2) hydride transfer (Scheme 2). Exemplified by triose 
phosphate isomerase,8, 9 ribose-5-phosphate isomerase, glucose-6-
phosphate isomerase,10 and mannose-6-phosphate isomerase, the 
proton-transfer mechanism is the more common of the two mecha-
nisms. A single Brønsted base relays the a-proton between two ad-
jacent carbon atoms via a cis-enediol(ate) intermediate, and this pro-
cess usually results in partial exchange of the proton with the solvent. 
In the case of the hydride-transfer mechanism, isomerization pro-
ceeds through a 1,2-hydride shift in an activated substrate. The 

activation involves formation of an alkoxide ion by the removal of an 
alcoholic proton. Although hydride transfer is favored in the pres-
ence of a specific base,11 enzymes using this mechanism are known 
to use a divalent metal ion that is coordinated by the carbonyl group 
and the α-hydroxyl, thereby lowering its pKa while also polarizing the 
carbonyl group by induction. Enzymes using this mechanism, such 

 
Scheme 1. The methionine salvage pathway of Bacillus subtilis, fea-
turing methylthioribose-1-phosphate (MTR1P) isomerase 
(MtnA). MtnK, methylthioribose (MTR) kinase; MtnB, methyl-
thioribulose-1-phosphate (MTRu1P) dehydratase. 
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as xylose isomerase,12 show little or no exchange of label with the sol-
vent.13 

What makes the MtnA-catalyzed reaction especially interesting is 
that the presence of the phosphate ester in its aldose substrate 
MTR1P precludes equilibration to an aldehyde, and therefore, 
MtnA cannot utilize one of the canonical mechanisms. Observations 
from previous investigations have revealed some hints at MtnA’s 
mechanism. When the reaction was conducted in D2O, no deuter-
ium was incorporated into the product, a result that favors transfer 
of a hydride;14 however, this is at odds with the lack of a divalent 
metal ion in MtnA and can alternatively be explained by a mecha-
nism in which the transferred proton is sequestered from bulk sol-
vent. Using [1-2H]- and [2-2H]ribose 1-phosphate as the substrate, 
Imker et al. demonstrated that H-2 is transferred suprafacially be-
tween C-1 and C-2.15 Tamura et al. subsequently published the crys-
tal structure of the Bacillus subtilis MtnA–product complex, prompt-
ing them to propose two mechanisms consistent with the stereospe-
cific hydrogen transfer.16 As shown in Scheme 3A, protonation of the 

ring oxygen was assumed to occur first in order to weaken the C1–
O4 bond and to introduce a neutral leaving group. From 1, con-
certed deprotonation at C-2 and ring opening would produce cis-
enediol intermediate 2 (i.e., E2 elimination). Tautomerization in-
volving transfer of the same proton back to C-1 without solvent ex-
change yields MTRu1P. Alternatively, ring opening of 1 to produce 

oxocarbenium ion 3 (i.e., E1 elimination, Scheme 3B) could occur 
prior to deprotonation at C-2, although the authors did not mention 
this stepwise possibility. Note that 3 is stabilized by resonance and 
induction from the neighboring dianionic phosphate. Instead of 
deprotonation of 3, the second mechanism they suggested involves 
deprotonation at O-2 in concert with a [1,2]-hydride shift (Scheme 
3C). 

What has not yet been considered is a mechanism involving phos-
phoryl transfer to an enzymatic nucleophile (Scheme 3D). This pro-
cess may occur with protonation at O-1 to yield methylthioribose 
(MTR) as an intermediate, which would subsequently ring open to 
aldehyde 4; alternatively, if O-4 is protonated instead, phosphoryl 
transfer may occur in concert with ring opening (not shown). In ei-
ther case, 4 would be subject to one of the canonical mechanisms 
described in Scheme 2, followed by phosphoryl transfer back to me-
thylthioribulose (MTRu) to yield MTRu1P. Studying the fate of the 
phosphate group may therefore clarify the mechanism of MtnA-cat-
alyzed isomerization. 

The unique nature of the chemistry along with the enigmatic dis-
covery that the human orthologue doubles as a mediator of RhoA-
dependent cell invasion associated with melanoma makes MtnA in-
teresting to study.17 In this article, we describe two covalent adducts 
observed by radioactive labeling and evaluate their catalytic rele-
vance in light of the newly suggested covalent mechanism. 

Experimental Procedures 
Expression and Purification of Methionine Salvage Pathway 

Enzymes. pET15b plasmids containing the genes encoding N-ter-
minal His6-tagged B. subtilis MtnK, MtnA, and MtnB were obtained 
from Prof. John Gerlt (University of Illinois).15 Escherichia coli 
BL21(DE3) cells were transformed by introduction of the plasmids, 
and the bacterial cultures were prepared by transferring 10 mL of 
overnight starter culture into 1 L of sterile LB-Miller broth contain-
ing 100 mg/L ampicillin. Cultures expressing MtnK and MtnB were 
shaken for 36 h at 37 ºC, while those expressing MtnA were cooled 
down to 25 ºC after reaching an OD600 of 0.6, followed by protein 
induction overnight using 0.5 mM IPTG. The cells were harvested 
by centrifugation at 5000 rpm, and the pellet was resuspended in a 
20 mM Tris-HCl (pH 7.9) containing 5 mM MgCl2, cOmplete pro-
tease inhibitor cocktail (Roche Diagnostics) and 5–10 mg DNase I. 
The cells were then ruptured using a M-110L Microfluidizer proces-
sor (Microfluidics), followed by centrifugation at 13,000g to remove 
the cell debris. The supernatant was passed through a 45-μm syringe 
filter (Corning) and applied to a Ni2+-charged HisPrep FF 16/10 
column (GE Healthcare; column volume, CV = 20 mL) that was 
previously equilibrated with Buffer A (50 mM Tris-HCl, 500 mM 
NaCl and 5 mM MgCl2, pH 7.8). After loading the protein, the col-
umn was washed with five CV (100 mL) of 5% Buffer B (Buffer A 
plus 500 mM imidazole, pH 7.8) in Buffer A. The protein was eluted 
with a linear 5–100% gradient against Buffer B over nine CV using 
an ÄKTA Explorer 10 FPLC system (GE Healthcare). Fractions 
were evaluated using SDS-PAGE under reducing conditions, and 
fractions containing the protein were pooled and concentrated with 
an Amicon ultrafiltration device (10 kDa MWCO membrane). The 
concentrated protein was dialyzed against dialysis buffer (50 mM 
Tris, 100 mM NaCl, pH 7.8), flash-frozen in liquid nitrogen, and 
stored at −80 ºC. Protein concentrations were determined spectro-
photometrically using the extinction coefficient calculated from its 
amino acid sequence using the ProtParam utility:18 MtnA, e280 = 
26,930 M−1 cm−1; MtnB, e280 = 27,960 M−1 cm−1; MtnK, e280 = 39,880 
M−1 cm−1. 

 
Scheme 2. Canonical mechanisms of enzyme-catalyzed aldose–
ketose isomerization. A) Proton-transfer mechanism, B) hydride-
transfer mechanism. 
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Scheme 3. Possible mechanisms for MtnA-catalyzed 
isomerization of MTR1P to MTRu1P. 
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Site-Directed Mutagenesis. Mutants of MtnA were constructed 
using the QuikChange Site-Directed Mutagenesis Kit (Agilent) ac-
cording to the manufacturer’s instructions. Primer sequences were 
as follows: C160S, 5¢- 
ATTGAGCCGGCATTGCTGATCGTCATGATCCTG-3¢ (for-
ward) and 5¢- 
CAGGATCATGACGATCAGCAATGCCGGCTCAAT-3¢ (re-
verse); D240N, 5¢- 
GTTCTTTGCAATTCGGTTGGCTCCGACGATAACAG-3¢ 
(forward) and 5¢- 
CTGTTATCGTCGGAGCCAACCGAATTGCAAAGAAC-3¢ 
(reverse). A pET15b plasmid encoding C160A was purchased from 
GenScript USA, Inc. The presence of mutations was verified by 
DNA sequencing, and the proteins were expressed (50 µM IPTG for 
C160A and 500 µM for all others) and purified as described for the 
wild-type enzyme. 

Synthesis of Methylthio-D-ribose (MTR), [2-2H]-, [1-13C]-, 
[2-13C]-, and [1,2-13C2]MTR. Unlabeled MTR was synthesized 
from methyl 2,3-O-isopropylidene-β-D-ribofuranoside19 (Combi-
Blocks. Inc.) by tosylation or triflation, substitution with excess so-
dium thiomethoxide, and acid-catalyzed deprotection according to 
literature.20 [2-2H]-,  [1-13C]-, [2-13C]-, and [1,2-13C2]MTR were 
synthesized by the same procedure after first converting the corre-
spondingly labeled D-ribose (Omicron Biochemicals, Inc.) to the 
2,3-O-isopropylidene-protected methyl glycoside according to the 
literature procedure.19 The final yield of unlabeled and labeled MTR 
was 65–75%. 

Enzymatic Synthesis and Purification of MTR1P,  [2-2H]-, [1-
13C]-, [2-13C]-, and [1,2-13C2]MTR1P. Unlabeled MTR1P was 
synthesized from MTR using MtnK and ATP as follows. A typical 
reaction (10 mL) contained 40 mM MTR, 45 mM ATP, 5 mM 
MgCl2, 5 mM DTT, 20 mM Tris-HCl (pH 7.9) and 5 μM MtnK. 
The reaction progress at 37 ºC was monitored by the decrease in pH, 
which was adjusted occasionally with 0.1 M KOH. At completion, as 
indicated by the OPDA assay (see below), the pH was reduced to 4 
using 0.1 M HCl to precipitate the protein. After centrifugation, the 
supernatant was filtered through a bed of charcoal (2 g) over diato-
maceous earth, which was washed with 100 mL of 5% aqueous eth-
anol. The filtrate was concentrated and applied to an anion exchange 
column (1.5 cm ´ 20 cm, Amberlite IRA 400, HCO3

− form), eluting 
with an increasing step gradient of triethylammonium bicarbonate 
(TEAB): 250 mL of 50 mM, 250 mL of 100 mM, 2 L of 200 mM, 
and 500 mL of 500 mM. MTR1P was identified in the 200 mM frac-
tion, which was evaporated to dryness multiple times. To remove re-
maining TEAB, the resulting solid was dissolved in water and passed 
through a RediSep Rf Gold reversed-phase C18 column (15.5 g, CV 
= 13.5 mL) and was eluted with 50% aqueous methanol. Fractions 
containing MTR1P were identified by the malachite green assay 
(see below). Pooled fractions were converted to the sodium salt by 
treatment with cation exchange resin (Amberlite IR 120 resin, Na+ 
form). 

[2-2H]-, [1-13C]-, [2-13C]-, and [1,2-13C2]MTR1P were also enzy-
matically synthesized as described above, but the purification was al-
tered for the smaller scale. After the acid precipitation step, the su-
pernatant was filtered through diatomaceous earth without char-
coal. The filtrate was evaporated to dryness and redissolved in 2 mL 
of 100 mM TEAB. Purification was achieved by reversed-phase 
HPLC on a semi-preparative column (Phenomenex Luna 5 µm 
C18(2), 250 ́  21.2 mm), equilibrated with 97% solvent A (100 mM 
TEAB) and 3% solvent B (50% v/v aqueous methanol). A gradient 

program was applied as follows: 0–30 min, isocratic 3% B; 30–40 
min, linear 3–20% B; 40–50 min, linear 20–50% B; 50–60 min, lin-
ear 50–100% B; hold at 100% A. Fractions were collected at an in-
terval of 1 min at 8 mL/min. Those containing labeled MTR1P (typ-
ically 15–28) were pooled and evaporated to dryness multiple times 
from water to remove excess TEAB. Finally, cation exchange to the 
sodium salt was performed as described for unlabeled MTR1P. 

Synthesis and Purification of [32P]MTR1P. In a total volume of 
1 mL, 100 μM MTR, 500–750 μCi [γ-32P]ATP (PerkinElmer; sp. 
act. 3000 Ci/mmol), 5 mM MgCl2, 5 mM DTT, and 20 mM Tris-
HCl (pH 7.9) were mixed. Reaction was initiated by the addition of 
10 μM MtnK, and the solution was allowed to react for 30 min at 37 
ºC. Unlabeled ATP (200 μM final) was then added and left to incu-
bate for 90 min to drive the reaction to completion. The protein was 
removed by ultrafiltration (modified PES, 10 kDa cutoff), and la-
beled MTR1P was purified by reversed-phase HPLC on an analyti-
cal column (Waters Delta-Pak C18, 15 µm, 100 Å, 3.9 ´ 300 mm). 
Purification was performed at 2 mL/min using the following gradi-
ent protocol: 0–9 min, 100% A; 9–18 min, 0–5% B; 18–22 min, 5–
50% B; 22–24 min, 50% B; 24–30 min, 100% A. Fractions contain-
ing [32P]MTR1P were pooled, evaporated to dryness under reduced 
pressure, and quantified. 

Detection and Quantification of MTR1P. For qualitative assay 
of MTR1P during purification (see above), the method of Baykov et 
al. using malachite green and ammonium molybdate with detection 
at 630 nm was employed.21 Although this assay can be conducted 
quantitatively using a standard curve, MTR1P was quantified more 
conveniently by the o-phenylenediamine (OPDA) assay as follows.5 
Assay mixtures (1 mL) incubated at 25 ºC contained 50 mM trieth-
anolamine hydrochloride (TEOA-HCl) buffer (pH 7.5), 5 mM 
MgCl2, 5 mM DTT, 20 mM OPDA, 10 μM MtnB, and MTR1P. Re-
actions were initiated by adding 100 nM MtnA. The concentration 
of the quinazoline product was calculated by the net absorbance 
change at 320 nm using e320 = 7.53 ± 0.12 mM−1 cm−1, which was de-
termined from the slope of a standard curve of absorbance change 
vs. MTR1P concentration. The MTR1P standard concentration in 
turn had been determined by 1H-NMR spectroscopy by integration 
of its methyl singlet using imidazole as an internal standard, as de-
scribed previously.22 

Steady-State Kinetics. The OPDA assay described above was 
used in all kinetics measurements. Initial velocities were measured 
with MTR1P (20–800 µM) using 10 nM MtnA to initiate the reac-
tions. These rates were corrected for background by subtracting the 
velocity obtained in the absence of the substrate. Initial velocities 
(vo) normalized for the total concentration of MtnA ([E]t) were fit 
to eq 1 by nonlinear regression using KaleidaGraph (Synergy Soft-
ware) to determine the kcat (left form), kcat/KM (right form), and KM. 

!!
[#]"

= %#$"[&]
[&]'(%

= (%#$" (%⁄ )[&]
[&] (%⁄ ',

 (1) 

The pH dependence of MtnA activity was measured at pH 6.5–
9.5 using the OPDA assay, employing a binary buffer system con-
taining PIPES and TAPS (slight differences were observed when us-
ing each buffer individually). The concentration of MtnA was ad-
justed as needed, and initial velocities were normalized accordingly. 
Rates were verified to be independent of MtnB at all pH. kcat and 
kcat/KM were calculated at each pH using eq 1 and plotted separately 
as a function of pH. Each profile was fit to eq 2 by nonlinear regres-
sion 

𝑘 = 𝑐 (1 + 10-(&.-/ + 10-/.-(')⁄  (2) 
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where k is the observed rate constant, c is its pH-independent 
limit, and K1 and K2 are the acid dissociation constants at low and 
high pH, respectively. 

Primary Deuterium Kinetic Isotope Effects. The OPDA assay 
was repeated with both MTR1P and [2-2H]MTR1P. Primary deu-
terium KIEs were calculated by analytical nonlinear regression using 
SigmaPlot (v. 12.5, Systat Software) by global fitting of steady-state 
data to eq 3 

!!
[#]"

= %#$"[&]
(%0,'1(2)/+3'[&](,'1(2))

 (3) 

where EV/K and EV are the isotope effects minus 1 on kcat/KM and 
kcat, respectively, and Fi is the fraction of deuterium (i.e., 0 for 
MTR1P and 1 for [2-2H]MTR1P).23 

Electrophoresis of Radioactively Labeled Protein. MtnA (39–
44 µM) and [32P]MTR1P (80–91 µM) were incubated (1:2 mole 
ratio) in 20 mM TEOA×HCl (pH 7.8) for 30 s before quenching 
with a final concentration of 2% (w/v) sodium dodecyl sulfate 
(SDS). Non-reducing SDS-PAGE of 5 µL aliquots was performed 
on Mini PROTEAN TGX precast gels (Bio-Rad) in Tris–glycine 
buffer (0.1% SDS) at 50 V for 15 min followed by 100 V for 90 min. 
The protein was electroblotted onto a double-layer of PVDF mem-
brane (Sequi-Blot PVDF Membrane, Bio-Rad), which was exposed 
to a phosphor screen (Molecular Dynamics) for 24 h before scan-
ning on a phosphorimager (PharosFX Plus Molecular Imager, Bio-
Rad). The PVDF membrane was then stained with an aqueous solu-
tion containing 0.1% Coomassie blue (Brilliant Blue R, Acros), 50% 
methanol, and 1% acetic acid for 30 s before destaining in three por-
tions of 40% aqueous methanol for 5 min each. 

Size-Exclusion Chromatography of Radioactively Labeled 
Protein. MtnA and [32P]MTR1P were mixed as described above ex-
cept with protein in excess over substrate to maximize the yield of 
radioactively labeled protein. Size exclusion chromatography was 
performed in a cold room (~6 ºC) by syringe injection onto three 5-
mL HiTrap desalting columns (GE Healthcare) connected in series. 
The columns were equilibrated and eluted using 20 mM NH4HCO3 
(pH 7.8).  Fractions (500 µL) were collected and analyzed for the 
presence of protein (absorbance at 280 nm) and 32P signal (scintil-
lation counting). The fractions containing radioactively labeled pro-
tein were pooled, frozen in liquid nitrogen, and stored at −80 ºC for 
future use. 

Effect of pH on Radioactively Labeled Protein. Multiple repli-
cate samples of the 1:2 MtnA–[32P]MTR1P reaction mixture were 
electrophoresed and transferred to PVDF membrane and stained 
with Coomassie, as described earlier. The lanes on the membrane 
were cut into separate strips and incubated for 30 min at 25 ºC in 0.1 
M buffer solutions varying in their pH as follows: pH 1, HCl/KCl; 
pH 3 and 5, citric acid–sodium citrate; pH 7, KH2PO4–K2HPO4; pH 
9, Na2B4O7/HCl; pH 11, KHCO3/K2CO3. Unbuffered solutions at 
pH 13 and 14 were prepared from 1.0 M KOH. The strips were then 
reassembled and exposed to a phosphor screen for 24 h before scan-
ning on a phosphorimager. 

Enzyme samples purified by size exclusion chromatography were 
diluted 20-fold with each of the above buffers, incubated for 30 min 
at 25 ºC, and passed through centrifugal filters (VWR Centrifugal 
Filters, Modified PES, 10 kDa MWCO, 500 μL) to remove the pro-
tein. A control sample was prepared using 20 mM NH4HCO3 (pH 
7.8) followed immediately by ultrafiltration. The radioactivity of the 
filtrate was counted to determine the fraction of radioactively la-
beled protein adduct that remained intact. 

Effect of Nucleophilic Agents on Radioactively Labeled Pro-
tein. Different concentrations of b-mercaptoethanol (BME), dithi-
othreitol (DTT), and tris(2-carboxyethyl)phosphine (TCEP) were 
prepared in Laemmli buffer. These buffers were incubated with the 
isomerase reaction before loading onto SDS-PAGE gels. After elec-
trophoresis and electroblotting, the PVDF membranes were ex-
posed to a phosphor screen and scanned on a phosphorimager. 

Stock solutions (2X concentration) of NH2OH and pyridine, pre-
pared in 0.1 N Tris acetate buffer (pH 7), were incubated with equal 
volume of purified (SEC) radioactively labeled protein for required 
period at 25 ºC. Nine volumes of tert-butyl alcohol were added fol-
lowed by centrifugation at 13000 rpm at 4 ºC to precipitate the pro-
tein. The liquid was decanted, protein pellet was washed with tert-
butyl alcohol and counted in a scintillation counter after dissolving 
the protein pellet in 1% SDS solution. Controls were performed us-
ing BSA mixed with [32P]MTR1P to confirm precipitation of only 
the protein and the radioactivity associated with the protein. 

31P- and 13C-NMR Experiments. Equilibrated mixtures of unla-
beled (for 31P NMR) and 1-13C-, 2-13C-, and 1,2-13C2-labeled (for 13C 
NMR) MTR1P and MTRu1P were prepared by incubating 4 mM 
appropriately labeled MTR1P with 2 µM wild-type MtnA in 20 mM 
TEOA buffer (pH 7.9). The mixture was subjected to ultrafiltration 
(10 kDa MWCO) to remove the wild-type enzyme, and the filtrate 
was incubated with 1.2 mM C160S for 1 h. The protein adduct was 
isolated using a HiTrap desalting column with 25 mM TEOA (pH 
7.9) as the eluting buffer. 

For 31P NMR, the resulting unlabeled sample was analyzed on a 
Varian INOVA 500 spectrometer operating at 202.32 MHz, 
equipped with a broadband nanoprobe. A default pulse sequence for 
31P NMR with a 45º pulse, an acquisition time of 1 s, a relaxation de-
lay of 1 s, and a spectral width of 10,105 Hz (from −35 to 20 ppm) 
were employed to acquire 4096 transients. An exponential line 
broadening function of 20 Hz was applied to each free-induction de-
cay followed by a baseline correction for each transformed spectrum. 
For 13C NMR, the resulting 13C-labeled sample was analyzed on a 
Varian INOVA 300 spectrometer operating at 75 MHz, equipped 
with a broadband probe. A default pulse sequence for 13C NMR with 
a 90° pulse, an acquisition time of 0.868 s, a relaxation delay of 1 s 
each, and a spectral width of 18867.9 Hz (from −15 to 235 ppm) 
were employed to acquire spectra overnight. An exponential line 
broadening function of 5 Hz was applied to each free-induction de-
cay followed by a baseline correction for each transformed spectrum. 

Results and Discussion 
 Steady-state Kinetics and pH Dependence. Steady-state kinet-

ics measurements were made spectrophotometrically by coupling 
the product with the dehydratase (MtnB) and o-phenylenediamine 
(OPDA) (Scheme 4). kcat and KM were determined to be 2.5 s−1 and 
124 µM, respectively, at pH 7.8 and 25 ºC. This KM is close to the 
previously reported value of 138 µM measured at 37 ºC, but kcat is 
over four times less than the value of 13 s−1, likely owing to the higher 
temperature used in that study.14 

To assess the importance of acid–base chemistry on catalysis, 
pH–rate profiles were constructed for kcat and kcat/KM (Figure 1). 
Due to precipitation of MtnB at pH < 6.5, this was chosen as the low 
end of the pH range (6.5–9.5). Both graphs appear as bell-shaped 
curves with maximal values at pH 7.5–8.0. The pKa associated with 
the basic limb is slightly higher for kcat (8.9 ± 0.1) than for kcat/KM 
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(8.29 ± 0.03), while that for the acidic limb remained roughly con-
stant (~6.6) (Table 1). 

 These profiles indicate the presence of two catalytically relevant 
ionizable groups, which could correspond to the acid and base resi-
dues indicated in the proposed mechanisms. One must be cautious 
when attempting to assign each observed pKa to a specific residue 
without additional information, as several factors can perturb the in-
trinsic pKa values. Nevertheless, candidate residues can be suggested 
from their positioning relative to the product, as revealed by X-ray 
crystallography (Figure 2).16 Notably, Asp240 makes close contacts 
with O-2 and O-4, which must lose and gain a proton, respectively, 
during isomerization (i.e., residue A in Scheme 3). Additionally, 
Cys160 flanks C-1 and C-2 on the same face where hydrogen trans-
fer occurs, suggesting that it may serve as the catalytic base in one of 

mechanisms involving proton transfer (i.e., residue B in Scheme 3). 
Assuming these two residues do correspond to the two limbs in the 
pH–rate profiles, one would expect the lower pKa (~6.6) to be 
associated with Asp240 and the higher pKa (>8) to be associated 
with Cys160; however, such a scenario predicts these to 
predominantly exist in their carboxylate and thiol forms, 
respectively, which is the opposite of what is required for catalysis in 
the physiological direction. Thus, either the pKa values are unusually 
swapped or MtnA uses a reverse-protonation mechanism, which is 
known to occur when the pKas of the general acid and general base 
are within ~2 units.24, 25 There could be other possibilities for these 
pKa assignments. For example, pK1 could be the second ionization of 
the substrate’s phosphate ester, and pK2 could be attributable to one 
of the three basic active-site residues (Arg51, Arg94, or Lys251) that 
bind the phosphoryl group. However, although the observed pKa 
values are consistent with such assignments, they would be expected 
to appear only in the kcat/Km profile and not also kcat.26 This 
generalization is attributable to the engagement of specific hydrogen 
bonding between the substrate and neighboring active-site residues. 

 Detection and Stability of Phosphorylated Enzyme. To probe 
the proposed covalent mechanism, [32P]MTR1P was prepared by 
MtnK-catalyzed phosphorylation of MTR with [g-32P]ATP, fol-
lowed by HPLC purification (Figure S1). After incubating 
[32P]MTR1P with MtnA for 30 s, the reaction mixture was separated 
by native polyacrylamide gel electrophoresis, transblotted onto a 
PVDF membrane, and exposed to a phosphor screen. 32P was found 
to be associated with the protein band identified by Coomassie 
staining (Figure 3A). Likewise, denaturing SDS-PAGE also revealed 
comigration of radioactivity with MtnA but only under non-reduc-
ing conditions. Interestingly, when 5% (~100 mM) b-mercaptoeth-
anol (BME) was added to the sample before electrophoresis, only 
trace radioactivity could be detected (Figure 3B). In fact, radioactiv-
ity was greatly diminished at concentrations of BME >1 mM, and a 
similar effect occurred with the phosphorus-based reducing agent 
tris(carboxyethyl)phosphine (TCEP) (Figure S2). These results 
show that MtnA becomes covalently modified by 32P-labeled 
MTR1P and that the resulting adduct is sensitive to the presence of 
reducing agents, which presumably serve as nucleophiles to displace 
the phosphoryl group from the modified residue. Further, the radio-
labeling was specific between intact MtnA and [32P]MTR1P, as no 
labeling was detected when (1) MtnA was denatured by SDS prior 
to mixing (boxed lanes in Figure 3B), (2) another protein was used 
in place of MtnA, or (3) [g-32P]ATP was used instead of 
[32P]MTR1P (data not shown). 

Table 1. pH Dependence of Steady-State Kinetics for 
MtnA 

Parameter 
Rate constant 

kcat kcat/KM 
ca 6.8 ± 0.5 s–1 (4.1 ± 0.1) ´ 104 M–1 s–1 

pK1 6.68 ± 0.11 6.60 ± 0.03 
pK2 8.89 ± 0.11 8.29 ± 0.03 

a pH-independent limiting value. 

 
Scheme 4. Coupled assay for MtnA. DK-MTP 1-P, 2,3-diketo-5-
methylthiopentyl 1-phosphate; OPDA, o-phenylenediamine. 
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Figure 1. pH–rate profiles for MtnA-catalyzed isomerization of 
MTR1P. Both kcat (squares) and kcat/KM (circles) profiles were fit 
to eq 2. Each point is the mean of triplicate measurements. Error 
bars are obscured by the symbols. 

 
Figure 2. The active site of MtnA with MTRu1P bound (from PDB 
2YVK). Dashed lines represent the distances between Cys160 and 
C-1 and C-2 and between Asp240 and O-2 and O-4. 
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 The effect of pH on the stability of various phosphorylated amino 
acids has been studied in detail.27 To aid in the identification of the 
amino acid residue that is phosphorylated by MTR1P, the effect of 
pH on the stability of the adduct was investigated. After SDS-PAGE 
and transblotting of the radiolabeled enzyme, the PVDF membrane 
was exposed to various pH conditions at room temperature for 30 
min (Figure 3C). The results show moderate stability of the radio-
label at pH 3–11 and its lability at extreme pH (Figure 3D). At pH 
1, a maximum loss of radioactivity of 60% was observed relative to 
that at pH 9, while at pH 13 and 14, the radioactivity decreased by 
80% and 90%, respectively. The effect of pH was also tested on phos-
phorylated MtnA purified by size-exclusion chromatography (Fig-
ure S3). The recovered protein was incubated for 30 min at 25 ºC in 
buffers of varying pH before being removed by ultrafiltration. Reaf-
firming the results from SDS-PAGE, the hydrolyzed [32P]phosphate 
in the filtrate was greatest at high and low pH, especially at pH ≥13. 

Phosphoramidate linkages common to phosphorylated lysine, ar-
ginine, and histidine residues are known to be susceptible to hydrol-
ysis only in acid, exhibiting stability at high pH;28 thus, the basic res-
idues (Arg94, Arg51, and Lys251) that surround the phosphate 
group (Figure 2) can be excluded from consideration. Similarly, 
Cys160 cannot be the nucleophilic residue because phosphocyste-
ine is also fairly stable to alkaline pH, uniquely exhibiting maximal 
rates of hydrolysis at pH 2–4.29, 30 The instability of the adduct ob-
served at high and low pH, however, is diagnostic of an acyl phos-
phate (mixed anhydride) formed by phosphorylation of a carboxyl 
group of a glutamate or aspartate residue,31, 32 such as Asp240. Be-
cause acyl phosphates are notably susceptible to reaction with vari-
ous nucleophiles, radiolabeled MtnA was subjected to reaction with 
varying concentrations of NH2OH or pyridine. Accordingly, both 

amines led to concentration-dependent dephosphorylation of MtnA 
(Figure S4), consistent with an acyl phosphate. 

Mechanistic Evaluation of Phosphorylated Enzyme. The frac-
tion of the total enzyme-bound substrate that exists as a covalent ad-
duct is a useful measure of its relative thermodynamic and kinetic 
stability. This was determined from mixtures of known concentra-
tions of [32P]MTR1P and excess MtnA that were separated by size-
exclusion chromatography to isolate the protein from unbound sub-
strate. For example, when 30 µM [32P]MTR1P was mixed with 330 
µM MtnA, the bound substrate concentration, [E•S], was calculated 
to be 21 µM (see Supporting Information for detailed calculations). 
After recovery of the protein from chromatography, the total radio-
activity was counted and using the specific activity of the substrate, 
3.1% of the total E•S complex was determined to have existed as a 
covalent adduct. This value may represent the thermodynamic limit 
if a step following phosphoryl transfer is rate limiting; however, if ad-
duct formation or a step prior to it is slow, the faster subsequent steps 
may limit the amount of adduct that accumulates in the steady state. 

To aid in identification of the rate-limiting step, the primary deu-
terium kinetic isotope effect (KIE) on steady-state turnover of [2-
2H]MTR1P was measured using the OPDA assay (Figure 4). Global 

fitting of the data revealed a modest KIE on kcat, DV, of 1.4 ± 0.1 and 
a larger KIE on kcat/KM, D(V/K), of 3.9 ± 0.1. The smaller value of 
the former indicates that kcat is sensitive to a slow step, perhaps prod-
uct release, that is absent in kcat/KM. Thus, D(V/K) more effectively 
reflects the rate-limiting nature of the hydrogen-transfer step. Be-
cause this step must occur after phosphoryl transfer, it can be con-
cluded that the observed 3.1% covalent adduct likely reflects the in-
ternal equilibria preceding hydrogen transfer.  

If a covalent adduct is an on-pathway reactive intermediate and 
certain steps are slowed by mutation, one may expect the extent of 
labeling to be altered. Specifically, if the perturbation places the rate-
limiting step at or before covalent-bond formation, the extent of ra-
diolabeling should decrease. If the rate-limiting step occurs subse-
quent to adduct formation, however, radioactivity should accumu-
late, limited only by the internal equilibrium; such behavior was ob-
served by Huang & Santi in active-site mutants of thymidylate 

 
Figure 3. Detection and effect of pH on phosphorylated MtnA 
adduct. A) Native PAGE of MtnA incubated with (+) and without 
(–) [32P]MTR1P. Row 1: Autoradiograph of PVDF membrane. 
Row 2: Coomassie-stained PVDF membrane. B) SDS-PAGE of 
labeled MtnA in the presence (+) and absence (–) of 5% (v/v) b-
mercaptoethanol (BME). Row 1: Autoradiograph of PVDF 
membrane. Row 2: Coomassie-stained PVDF membrane. Lanes in 
box: same as other lanes but with MtnA that was denatured prior 
to mixing. C) Coomassie-stained PVDF membrane before (Row 1) 
and after (Row 2) treatment at the indicated pH for 30 min. Row 
3: Autoradiograph of PVDF membrane. D) Normalized intensities 
of radioactive bands from row 3 in panel C as a function of pH. 

 
Figure 4. Primary deuterium kinetic isotope effect. Steady-state 
kinetics measurements were performed in parallel with MTR1P 
(black squares) and [2-2H]MTR1P (red circles). Each point is the 
mean of triplicate measurements, and error bars reflect SD. This 
double-reciprocal plot serves to aid in visualizing the large D(V/K)  
(slope effect); accurate values for DV and D(V/K) were obtained by 
global fitting to eq 3 (see Figure S5). 
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synthase.33 In the case of MtnA, C160S and D240N were prepared 
to probe whether either would result in a change in radiolabeling of 
the enzyme. Both mutations drastically impaired catalysis, and be-
cause it was not possible to measure rates below 5 mM MTR1P, 
complete steady-state kinetic parameters could not be obtained. Be-
cause no significant differences in rate were observed at higher sub-
strate concentrations, measurements at 5 mM were used to estimate 
kcat values of 7.6 ´ 10–7 s–1 for C160S and 2.7 ´ 10–7 s–1 for D240N. 

Without the knowledge of KM for the mutants, it was not possible 
to calculate the fraction of covalent adduct formation as was done 
for the wild-type enzyme. As an alternative, the degree of labeling 
was assessed qualitatively by SDS-PAGE. Remarkably, both mutants 
behaved indistinguishably from the wild-type enzyme, demonstrat-
ing similar radioactivity intensities and pH stability (Figure 5). This 

result is perhaps less surprising for C160S because Cys160 is be-
lieved to facilitate hydrogen transfer, which is already rate limiting 
for the wild-type enzyme. Asp240, on the other hand, was a candi-
date residue to serve as the nucleophile. Now that this role has been 
excluded, Asp240 is believed to serve as the Brønsted acid that pro-
tonates O-4 during ring opening. Because D240N did not exhibit re-
duced radiolabeling, however, it can be concluded that ring opening 
does not occur in concert with phosphoryl transfer from MTR1P if 
covalent catalysis is in fact used by MtnA.  

The results from mutagenesis cast doubt on the mechanistic rele-
vance of the phosphorylated adduct. To further assess this, the ad-
duct recovered from size-exclusion chromatography was assayed for 
chemical competence by incubating it with unlabeled MTR. If MTR 
is capable of binding to the labeled enzyme, radiolabeled MTR1P 
and/or MTRu1P would be expected to be released. After extensive 
incubation followed by removal of the protein by ultrafiltration, no 
significant difference in radioactivity could be detected in the filtrate 
compared to a control lacking MTR. Thus, either MTR cannot ef-
fectively access the active site of the phosphorylated adduct or they 
are not reaction intermediates. With no other candidate nucleo-
philes in the vicinity of the active site, it is increasingly likely that the 
observed phosphorylation is an artifact and/or occurs at a remote 
site with no obvious functional purpose. Artifactual phosphorylation 
of an aspartate residue by a phosphate ester has been reported for 
pyrophosphatase,34, 35 for example. It is interesting to note that oxo-
carbenium ion 3 (Scheme 3B or 3C) is expected to be an excellent 
phosphorylating agent considering the leaving group would be 4, 
which is a relatively stable molecule. Considering that hydrogen 
transfer is slow, it is possible that occasionally 3 is intercepted by an 
unknown aspartate/glutamate residue and that this non-productive 
adduct simply reverses back to 3. If Cys160 mediates hydrogen 
transfer, however, C160S should have resulted in accumulation of 
the adduct. Also, if Asp240 is required for ring opening, then for-
mation of 3 and subsequent adduct formation should have been 
greatly diminished in D240N. 

Identification of a Second Covalent Adduct by NMR. During 
our investigations with MtnA mutants, we questioned whether 
greater extents of radiolabeling could be detected if they were incu-
bated much longer than the 30 s given before SDS-PAGE. After al-
lowing the three variants (210 µM) to incubate with [32P]MTR1P 
(30 µM) overnight (16 h), each protein was isolated by size-exclu-
sion chromatography. Unexpectedly, only C160S was found to ac-
cumulate radioactivity, reaching as high as 22% of the total substrate 
present. Considering the KM for this mutant was unknown, the 
amount of 32P accumulated was measured as a function of substrate 
concentration, displaying saturation behavior (Figure S6). Fitting 
the data yielded an apparent KM of 70 ± 30 µM and a limit of about 
30% of the total enzyme possessing radioactivity. These interpreta-
tions, of course, assume that the accumulation of radioactivity is re-
lated to active-site binding and covalent reaction of [32P]MTR1P. 
Considering the prior discussion drawing doubt about the mecha-
nistic relevance of the short-time-scale radiolabeling, it was unclear 
whether this accumulation that is unique to C160S was of the same 
origin or resulted from a distinct reaction that may be related to au-
thentic turnover of the substrate. 

To address this concern, we performed 31P-NMR spectroscopy 
on MTR1P in the presence of stoichiometric amounts of C160S, 
taking advantage of the fact that the high level of adduct accumula-
tion permitted detection by this technique. After mixing 1.5 mM 
C160S with 2.0 mM MTR1P in 20 mM TEOA•HCl (pH 7.8) con-
taining 10% D2O, 31P-NMR spectra were acquired repeatedly over 
the course of 14 h at 25 ºC, revealing new signals at 3.8 and 8.0 ppm 
(Figure 6A). Note that the interval between spectra was 2 h 20 min, 
the time required to acquire each spectrum. By comparison to a sam-
ple treated with catalytic amounts of wild-type MtnA (Figure S7A), 
the upfield signal was confirmed to be MTRu1P, which only became 
visible after 9 h 20 min of incubation, owing to the very slow turno-
ver number for the mutant enzyme. The broad downfield peak, on 
the other hand, was believed to be a protein-bound phosphorus-con-
taining species. Peak broadening is known to occur when ligands be-
come associated with proteins, as the resulting complexes have 
much longer rotational correlation times, leading to longer trans-
verse relaxation times (T2).36, 37 Intriguingly, this signal first appeared 
after 4 h 40 min, long before the generation of MTRu1P, suggesting 
that it could represent an intermediate formed during isomerization. 

To assess whether the signal at 8.0 ppm could be associated with 
a covalently bound species, the reaction mixture was subjected to 
size-exclusion chromatography. The 31P-NMR spectrum of the re-
covered protein revealed the absence of MTR1P and MTRu1P, but 
the broad signal remained (Figure 6B). Interestingly, when a previ-
ously equilibrated mixture of MTR1P and MTRu1P, prepared by in-
cubation with a small amount of wild-type MtnA followed by re-
moval by ultrafiltration, was incubated with C160S, the signal at 8.0 
ppm appeared in the first spectrum (Figure 6C). This result led us 
to hypothesize that the new signal was the result of an adduct formed 
between C160S and MTRu1P. 

To verify if the adduct is unique to C160S, the equilibrated sub-
strate–product mixture was also incubated with wild-type MtnA, 
D240N, and C160A. Interestingly, in the presence of a high concen-
tration of the wild-type enzyme for 1 h, the signals of MTR1P and 
MTRu1P were reduced, while a new signal appeared at ~2.5 ppm 
(Figure S7B). The new peak was identified as phosphate by spiking 
the sample with an authentic standard. Suspecting that this could 
have been the result of phosphatase contamination, we additionally 
purified MtnA by size-exclusion chromatography and included 
EDTA in the buffer, but dephosphorylation persisted. Considering 

 
Figure 5. Detection and pH dependence of radioactive labeling of 
highly conserved active site mutants D240N and C160S. As with 
wild-type MtnA (Figure 3C), PVDF membranes were treated to 
the indicated pH for 30 min before autoradiography. 
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that this activity was absent in samples with other variants, these re-
sults suggest that MtnA may occasionally catalyze a hydrolytic side 
reaction; this dephosphorylation is the subject of future investiga-
tions. Despite this unexpected side reaction, no 31P signal associated 
with an adduct was detected, and passage of the sample through a 
size-exclusion column yielded no enzyme-bound signals. D240N 
failed to generate any new 31P signals (data not shown), but C160A 
led to the appearance of a peak at 6.4 ppm (Figure S7C); however, 
unlike with C160S, this peak did not remain after size-exclusion pu-
rification (Figure S7D), suggesting it may have been associated with 
a non-covalent binary complex.  

Attempts were made to intercept the adduct with nucleophilic 
agents. Because of the susceptibility of the radiolabeled enzyme to 
high concentrations of NH2OH, the C160S adduct was similarly 
treated, resulting in the disappearance of the adduct and the for-
mation of an oxime derivative of MTRu1P (Figure 6D). Because of 
(1) the absence of inorganic phosphate as a product, which would 
have been released if the enzyme were phosphorylated, (2) the fact 
that the oxime is the only new phosphorus-containing species, and 
(3) the fact that the adduct appears in the first spectrum after mixing 
C160S with MTRu1P, it is likely that the adduct is a reversible cova-
lently bound form of the product, presumably via its carbonyl. Con-
sidering the proximity of Lys251 to the ligand in the active site, we 
first speculated that it could form a Schiff base with the ketone. Our 
attempt to trap the adduct by reduction with NaCNBH3, however, 
instead resulted in the partial disappearance of the adduct peak and 
a corresponding appearance of a peak consistent with the product 
(Figure S8), which eventually became reduced to an alcohol, con-
firmed by direct reduction of MTRu1P with NaCNBH3 in the ab-
sence of enzyme. Thus, the adduct is not a Schiff base. It is apparent 
that NH2OH and NaCNBH3 react with free MTRu1P and by Le 
Chatelier’s principle, continue to react with the MTRu1P that is re-
leased from the adduct. 

To verify unequivocally that MTRu1P reacts with C160S via its 
carbonyl, 13C NMR was performed using 13C-labeled substrate and 
product. First, separate equilibrium mixtures of [1-13C]MTR1P and 
-MTRu1P,  [2-13C]MTR1P and -MTRu1P, and [1,2-13C2]MTR1P 
and -MTRu1P were prepared using catalytic amounts of wild-type 
MtnA. A representative 13C-NMR spectrum of the dilabeled mixture 
is given in Figure 7A. Next, after removal of the wild-type enzyme, 

each mixture was incubated with C160S, and the protein was iso-
lated by size-exclusion chromatography. The presence of the adduct 
in each sample was confirmed by 31P NMR. The 13C-NMR spectrum 
of the dilabeled sample reveals signals at 96.0 and 67.5 ppm, each 

 
Figure 6. 31P-NMR spectra of mixtures of MTR1P and/or 
MTRu1P and C160S. Each spectrum is the result from the 
accumulation of 4096 scans. A 20-Hz exponential line broadening 
functon was used to improve signal-to-noise of the broad peaks. A) 
Stacked spectra acquired successively for a sample containing 1.5 
mM C160S and 2 mM MTR1P in 20 mM TEOA-HCl (pH 7.8) in 
10% D2O. The broad peak at 8.0 ppm that slowly forms prior to 
appearance of the product at 3.8 ppm is attributed to a covalent 
adduct. B) 31P-NMR spectrum obtained after size-exclusion 
chromatography of the mixture in A after 14 h. C) 31P-NMR 
spectrum acquired immediately after adding C160S to an 
equilibrated mixture of MTR1P and MTRu1P. D) 31P-NMR 
spectrum of the sample in C after reaction with 350 mM NH2OH. 

 
Figure 7. 13C-NMR spectra of 13C-labeled MTR1P and MTRu1P 
before and after treatment with C160S. A) Mixture of [1,2-
13C2]MTR1P (S) and [1,2-13C2]MTRu1P (P) in the absence of 
C160S. The signals from C-1 and C-2 of the respective species have 
been labeled. The lower three panels represent isolated enzyme 
adducts prepared by mixing C160S with B) [1,2-13C2]MTRu1P, C) 
[2-13C]MTRu1P, and D) [1-13C]MTRu1P. 31P coupling is not 
visible in B–D due application of an exponential line-broadening 
function (5 Hz) to improve signal-to-noise ratios. The singlet at 
70.9 ppm is from glycerol, which was present in the enzyme’s 
storage buffer. 
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exhibiting 13C–13C splitting (Figure 7B). To confirm that these 
peaks were not artifactual, the same experiment was carried out with 
[2-13C]- (Figure 7C) and [1-13C]MTRu1P (Figure 7D) separately, 
identifying the signals at 96.0  and 67.5 ppm, respectively. Because 
the covalent enzyme adduct was formed only with C160S and not 
C160A and based on the 13C chemical shifts of the adduct peaks, we 
conclude that the adduct is a hemiketal resulting from reaction be-
tween Ser160 and the carbonyl group of MTRu1P (Scheme 5, X = 

O). Aldehydes are known inhibitors of serine proteases and are pro-
posed to form hemiacetal intermediates.38 13C-NMR chemical shifts 
at 95.5 ppm have been reported for such hemiacetal and hemiketal 
adducts with chymotrypsin, which is strikingly similar to the chemi-
cal shift at 96.0 ppm observed here.39  

We interpret the accumulation of the hemiketal with C160S as in-
direct evidence for a mechanism involving proton transfer mediated 
by Cys160 (i.e., Scheme 3A or 3B). First, recall that turnover of 
C160S was greatly reduced, which can be explained by replacement 
by a group with a much higher pKa, which would therefore be pre-
sent as the conjugate base in minute concentrations at pH 7.5–8.0, 
impairing cis-enediol (2) formation. Second, after transferring the 
proton back from Ser160 to C-1 of the cis-enediol, regeneration of 
the relatively unstable alkoxide in direct proximity to one face of the 
carbonyl, nucleophilic attack to form the hemiketal immediately oc-
curs to intercept the product faster than it can dissociate (Scheme 
5), consistent with the order of appearance of the signals in the 31P-
NMR experiment.  

In solution, the equilibrium and corresponding equilibrium con-
stant (KROH) for hemiketal (HK) formation from a ketone (R2CO) 
and an alcohol (ROH) are given by eq 4 and 5. 

 (4) 

𝐾45/ = [HK] ([ROH][R′6CO])⁄  (5) 

Although the magnitude of KROH is typically small (e.g., 2.2 ́  10−4 for 
methanol and acetone),40 the relevant reaction for discussion in-
volves an alkoxide (RO−) and a proton instead of an alcohol, as in eq 
6 and 7. 

 (6) 

𝐾45, = [HK] ([RO.][H'][R′6CO]) =⁄ 𝐾45/ 𝐾7,45/⁄  (7) 
With Ka,ROH ~ 10−16, it’s clear that hemiketal formation from an 

alkoxide and a proton is tremendously favorable. In a buffered solu-
tion near neutral pH, this reaction is of course negligible due to the 
very low concentrations of the alkoxide and proton, but in the 

confines of the enzyme’s active site where all three reactants are po-
sitioned appropriately, hemiketal formation would be highly favora-
ble. Why, then, does a thiohemiketal (X = S) not similarly accumu-
late in the wild-type enzyme? The thermodynamics of thiohemiketal 
formation has been discussed by Jencks, who concluded that car-
bonyls generally react more favorably with thiols than with alcohols 
(i.e., KRSH > KROH).41, 42 This increase, however, is more than offset by 
the much higher Ka,RSH ~ 10−10 expected for a cysteine thiol. Thus, by 
comparison of eq 7 for RO− and the equivalent for RS−, hemiketal 
formation from an alkoxide and a proton is expected to be much 
more favorable than thiohemiketal formation from a thiolate and a 
proton. Consequently, one may predict a similar effect on the on-
enzyme equilibrium. i.e., KS << KO (Scheme 5). Thus, any adduct 
that might form in the active-site of the wild-type enzyme does not 
accumulate and the enzyme–product complex partitions favorably 
towards product release (Kd). 

Conclusion 
In this investigation, evidence was provided for the formation of 

two covalent adducts between MtnA and its substrate, MTR1P. The 
first of these formed immediately after mixing and was found to be 
stable to SDS-PAGE and gel-filtration chromatography but sensitive 
to extreme pH and nucleophilic agents, hallmarks of an acyl phos-
phate formed by phosphoryl transfer from the substrate to an aspar-
tate or glutamate residue. However, mutation of two critical active-
site residues, Asp240 and Cys160, had no effect on the degree of pro-
tein phosphorylation. Together with the failure of the isolated ad-
duct to demonstrate chemical competence, these observations led 
us to conclude that the adduct is not related to the catalytic activity 
of the isomerase and that a covalent mechanism is unlikely. To our 
surprise, we discovered a second covalent adduct when C160S was 
incubated with MTR1P for extended periods. 31P and 13C NMR con-
firmed the formation of a stable hemiketal between Ser160 and the 
carbonyl of the product, MTRu1P. The catalytic impairment and 
adduct accumulation uniquely associated with this mutant is at-
tributed to the increased pKa of this residue, providing indirect sup-
port for a mechanism that utilizes Cys160 as an acid/base for trans-
ferring the proton from C-2 to C-1 during catalysis. Additional ki-
netics studies to resolve the chemical mechanism are underway. 
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